Introduction
Understanding the dynamics and loss of charged particles (and the corresponding evolution of particle fluxes) in the Earth radiation belts is a tremendous task that has already been going on for decades and still remains incomplete. The Van Allen radiation belt particle populations evolve in a dynamic equilibrium between losses (mainly due to particle precipitation to the upper atmosphere or magnetopause shadowing) and re-filling due to external injection, transport, and local acceleration processes. Recent results from the Van Allen Probes have provided additional evidence concerning the local nature of many processes of particle acceleration in the heart of the outer belt [e.g., see Reeves et al., 2013; Mozer et al., 2015] and it is now generally agreed that such in-situ acceleration mechanisms are very important in this region of space.
A favored candidate for driving in-situ acceleration (and scattering) is the interaction between whistler-mode waves and electrons. In the inner magnetosphere, whistler-mode waves manifest themselves as electromagnetic perturbations generated near the geomagnetic equator and called chorus (structured, coherent, wave packets) and hiss (mostly diffusive, wide band emissions with randomized phases but also sometimes observed as structured emissions [Summers et al., 2014] ). Chorus waves are the most intense natural VLF electromagnetic emissions in the magnetosphere, with maximum amplitudes (up to 2 nT in magnetic field and up to 300 mV/m in electric field) located in the core of the outer Van Allen radiation belt [e.g., Agapitov et al., 2013, and references therein] . This fact, as well as the closeness of their frequency to the electron gyrofrequency, makes them one of the key factors that control the dynamics of the outer radiation belt [Thorne et al., 2010;  c 2015 American Geophysical Union. All Rights Reserved. Reeves et al., 2013] . Interactions between whistler-mode waves and electrons are usually analyzed in the frame of two different approximations. The quasilinear approach, corresponding to a slow particle diffusion in momentum space, can be used for broadband waves of relatively moderate amplitudes. It was developed by Kennel and Petschek [1966] ; Trakhtengerts [1966] , and applied to the radiation belts by Lyons et al. [1972] with inclusion of particle diffusion in both energy and pitch-angle spaces Albert, 2007; Shprits et al., 2007; Glauert and Horne, 2005] as well as radial transport of electrons from and to the magnetopause [Schulz and Lanzerotti, 1974] . The non-linear approach (i.e. the second type of approximation) describes particle trapping into the effective potential of large amplitude coherent waves with a characteristic interaction timescale about a fraction of the bounce period. The interaction of electrons with coherent whistler-mode waves and their resulting acceleration have been extensively studied for non-linear cyclotron resonance between a parallel propagating wave and oppositely moving electrons [Bortnik et al., 2008; Omura et al., 2007; Albert, 2002] ; this process is now well understood analytically as well as through numerical simulations [see the review by Shklyar and Matsumoto, 2009] , although corresponding observations are still lacking.
Moreover, while the ray path of chorus waves tends to follow a geomagnetic field line, their wave normal angle θ can deviate substantially from the background magnetic field direction along their propagation to higher latitudes . Such a deviation from the parallel direction provides additional effects for the quasi-linear scattering and acceleration of electrons and it opens the door for an alternac 2015 American Geophysical Union. All Rights Reserved.
tive mechanism of nonlinear interaction: electron trapping into the effective potential of oblique whistler-mode waves through the Landau resonance [e.g., see Bell , 1986; Shklyar and Matsumoto, 2009; Artemyev et al., 2012; Nunn, 1971] . Landau(cyclotron) resonance corresponds to a condition ω + nΩ ce = k || V || with n = 0(−1), where ω = 2πf is the wave frequency, Ω ce = 2πf ce is the local electron cyclotron frequency, k || and V || are the parallel components of the wave vector and electron velocity, respectively. The discovery of whistler-mode waves of large electric field amplitudes above 100 mV/m Agapitov et al., 2014a; Kellogg et al., 2011; Cully et al., 2008; Cattell et al., 2008] has caused renewed interest for non-linear effects in wave-particle interactions. Additionally, it was shown that a significant portion of the observed high-amplitude waves were very oblique . The large parallel electric field component of oblique waves (up to 300 mV/m) allows them to interact efficiently with electrons via Landau resonance, sometimes more efficiently than via cyclotron resonance when θ is larger than the local Gendrin angle θ G = arccos(2ω/Ω ce ) [Gendrin, 1968] . When considering Landau resonance, the energy threshold for nonlinear trapping is reduced down to ∼ 1 keV only [Artemyev et al., 2012; Agapitov et al., 2014a] , potentially leading to rapid parallel electron acceleration up to 100 − 200 keV from one trapping event, and even more (up to 0.5 MeV) for multiple trapping events [Artemyev et al., 2012] . Landau resonant trapping can provide a significant feedback to the wave field, particularly for its parallel electric field component which can be steepened due to the modulation of resonant electron beams . These effects were detected in electric field measurements c 2015 American Geophysical Union. All Rights Reserved. from STEREO [Kellogg et al., 2010] and in Van Allen Probes measurements in the outer radiation belt [Mozer et al., 2014] .
Statistical signatures of electron Landau resonant interactions with chorus waves in
the form of local minima in the derivative of the parallel velocity distribution near the Landau resonant velocity were previously identified from simultaneous in situ wave and particle observations on THEMIS [Min et al., 2014] . Nevertheless, these two quantities differed significantly in a substantial portion of the selected events, while no minimum of the derivative at all was found in 20% of the cases. This could have stemmed from a too low parallel wave electric field in the considered events or from an insufficient precision of measurements, in particular as regards the plasma density [Min et al., 2014] . Here we provide, for the first time, clear evidence of Landau resonance interaction from a longlasting event during which the location of the plateau in the electron distribution varied strongly and in full accordance with simultaneous changes in the parallel velocity for Landau resonance deduced from precise wave and plasma density measurements from the Van Allen Probes. Furthermore, the theoretically expected simultaneous acceleration of electrons through Landau resonant trapping had not been detected before, mostly because of the low probability of trapping events. In the present paper, we show a more than sixhour interval of Van Allen Probe B measurements of oblique to very oblique whistler-mode waves, intense enough to produce such a significant parallel acceleration of the electron distribution. Due to their interaction with the wave parallel electric field, electrons are indeed trapped and accelerated along the background magnetic field, constituting two populations with field aligned fluxes: one (1 − 10 keV) corresponds to the energy location c 2015 American Geophysical Union. All Rights Reserved.
of the Landau resonance and the other one (50 − 200 keV) is produced by acceleration in the inhomogeneous dipole geomagnetic field along field lines. The main idea of this acceleration mechanism corresponds to trapped electron motion at the wave phase velocity along a magnetic field of growing strength as the particle moves away from the equatorial plane. In this case, the particle energy changes due to variations of the wave phase velocity and to a combination of conservation of magnetic moment and increase of magnetic field strength (i.e. betatron-like acceleration) [see a detailed description of both mechanisms in Shklyar and Matsumoto, 2009] . Corresponding test particle simulations are provided, fully confirming the experimental results.
Observations
The Van Allen Probes A and B were launched on August 30, 2012, aiming at studying the radiation belts with unprecedented detail. Here we examine a particular time interval from 15:00 UT (Universal Time) to 22:00 UT on November 1, 2012. We use data provided by the following instruments onboard the Van Allen Probes: the Electric Field and Waves (EFW) instrument [Wygant et al., 2013] for electric field waveforms; the Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) [Kletzing et al., 2013] for electric and magnetic spectral and polarization information, the DC magnetic field data and electron cyclotron frequency f ce , the electron plasma frequency value f pe (deduced from the upper hybrid frequency); the Energetic Particle, Composition, and Thermal Plasma (ECT) instrument [Spence et al., 2013] data of the Helium Oxygen Proton Electron (HOPE) detector for electron fluxes below 50 keV [Funsten et al., 2013] , and the Magnetic Electron Ion Spectrometer (MagEIS) 30 keV to 4 MeV measurements [Blake et al., 2013] . c 2015 American Geophysical Union. All Rights Reserved.
The waveform data was transmitted at 16,384 samples/s (35,000 from EMFISIS) for 5 s continuous intervals in the burst mode (triggered automatically by large amplitude signals), as well as continuously every 6 s under the form of full spectral matrices for 65 frequencies (logarithmically spaced from 3 Hz to 16 kHz for EMFISIS).
We present results based on an analysis of waveform and spectral data captured by Van Allen Probe B on November 1, 2012, consisting of about 80 burst-mode intervals collected over 15:30 16:30 UT and about 30 intervals during 21:00-22:00 UT. During that period, the Van Allen Probe B escaped from the plasmasphere at 14:50 UT (L=3.2), reached its apogee at 16:40 UT (L=5.6), and crossed back the plasmapause at 23:10 UT (L=2.9). It was located in the morning sector (from 02:30 MLT at 15:00 UT to 10:00 MLT at 22:00 UT) in the vicinity of the geomagnetic equator (the magnetic latitude λ varying from −5.5 • to −15.6 • , see Fig. 1 ). Note that the same interval has been previously studied by Cattell C. A. [2015] , who reported the presence of chorus waves of anomalously low frequency between the local lower hybrid frequency and 0.1 f ce near the spacecraft apogee from ∼ 17 UT to 20 UT. A moderate geomagnetic storm was taking place on November 1, caused by a strong jump of the solar wind pressure from ∼ 1.5 nPa up to ∼ 8 nPa (solar wind speed increasing from 280 km/s to 350 km/s), with a sudden commencement at ∼15:30 UT on October 31 and the beginning of the main phase at ∼ 6 UT of November 1. The minimal values of D st were ∼ −60 nT (−63 nT at 21:00 UT). Fig. 1a,b shows the electric and magnetic field spectra collected aboard Van Allen Probe B. Large amplitude whistler-mode waves (reaching more than 1 nT) have been recorded during the whole period spent by the spacecraft outside the plasmasphere. Their c 2015 American Geophysical Union. All Rights Reserved.
Poynting flux is consistent with a generation at the geomagnetic equator. The observed waves mainly lie in the lower-band chorus frequency range (0.1f ce < f < 0.5f ce ) and are often very oblique. The angle θ between the wave normal and the background magnetic field direction is displayed in Fig.1c : it generally remains larger than 40 • for f ≥ 0.1f ce .
Actually, a significant part of the whistler-mode wave power is distributed around the local resonance cone angle θ r ∼ arccos(f/f ce ). The electric field of these oblique waves is very large (up to 150 mV/m for a corresponding magnetic field amplitude ∼ 150 pT, see Fig.1d f). Such wave amplitudes substantially exceed the level required for nonlinear interactions, corresponding to the presence of closed electron trajectories in the phase plane [Bell , 1986; Albert, 2002; Shklyar and Matsumoto, 2009; Omura et al., 2007; . Therefore, electron trapping by these waves has to be considered.
Electron trapping into Landau resonance can occur when the parallel particle speed is close to the parallel component of the phase velocity of the wave. Using the cold plasma dispersion relation and considering a wave power spectrum sufficiently peaked at a frequency f and wave normal angle θ, it corresponds to a well-defined parallel kinetic energy for resonant particles [e.g., see Min et al., 2014] :
Trapping results in a modification of the distribution function around the parallel energy value given by equation (1). Generally, trapped particles can generate a beam which should be rapidly relaxed to plateau [see discussion in . For a narrow wave power spectrum, the width Δε of this plateau is equal to the nonlinear c 2015 American Geophysical Union. All Rights Reserved.
resonance width determined by the trapping frequency in the electric field E w of the wave and given approximately (at low energy ε 1 MeV) by:
For the particular wave event considered in Fig. 1g -j, this trapping width Δε from (2) is about 1 keV. However, a significant additional widening of the Landau resonance and Δε generally occurs due to the finite frequency and θ widths of the actual wave power distribution (see Fig. 1c ,i). The effects of Landau trapping can be clearly seen in the distribution of parallel electron flux around 16:00 UT plotted in Fig. 1i . The plateau in the electron distribution turns out to be located precisely in the energy range ε ∼ 10 − 20 keV (highlighted in red) determined from the Landau resonance condition (1) The field-aligned to transverse flux ratio is also displayed in Fig. 1j . The highest levels (close to 1) are only observed in the energy range corresponding to strong Landau resonant trapping, demonstrating that the trapped population of electrons at 10 − 20 keV is considerably more field aligned than the background population. This is a direct consequence of Landau resonant trapping: as waves and particles propagate from the equator along magnetic field lines into regions with stronger geomagnetic field, electrons can get trapped by the parallel electric field of the waves and significantly accelerated in this direction, producing a more field aligned population over a range of energy determined c 2015 American Geophysical Union. All Rights Reserved.
by the wave amplitude and wave normal angle [this mechanism was considered in details analytically and numerically in Artemyev et al., 2012; Artemyev et al., 2013a Artemyev et al., , 2014c . The acceleration process lasts merely a quarter of the electron bounce period and, thus, cannot be observed directly live. Nevertheless, the effects of this acceleration can be discerned in the electron distribution function. An accelerated electron population can indeed be detected around ∼ 200 keV in 1h by the considerably larger field-aligned to transverse flux ratio than at 50−100 keV or 500−600 keV, as well as by a weak inflection in the profile of the flux distribution -although comparisons with the flux profile recorded just before this event as well as with test-particle simulations will be necessary to ascertain it (see further below). Interestingly, a secondary weaker inflexion occurs near 1.5 keV in the electron flux profile. It likely corresponds to field aligned acceleration through interaction with time domain structures [Mozer et al., , 2014 Vasko et al., 2015; Artemyev et al., 2014a] which occurred at 17 − 19 UT according to low frequency electrostatic noise observed by EMFISIS [Malaspina et al., 2014] (waveforms with TDS were captured by Van Allen Probe A at ∼ 18UT but are not shown here).
Next, the ratio of field aligned over transverse electron fluxes and the ratio of parallel electron fluxes in neighboring energy channels are displayed as a function of time and energy in Figure 2 , respectively in panels a and b. The coincidence of the results in these two different panels over the course of 5 hours demonstrates that the most field aligned electron populations always correspond to the energy range of the plateaus in the parallel flux profiles (indicated by values greater than 1 in Fig.2b ), in spite of the strong variation of the plasma parameters along the trajectory of Van Allen Probe B. Indeed, c 2015 American Geophysical Union. All Rights Reserved.
the local gyrofrequency f ce (indicated in 1a,b) decreased tenfold from the plasmapause to the apogee while the ratio f pe /f ce increased from ∼ 1 at 15:15 UT to ∼ 4 at 18:45 UT, going back down to ∼ 1.5 at 21:30 UT (the electron density varied from ∼ 20 cm −3 near the plasmapause to ∼ 2 − 3 cm −3 at the apogee). More importantly, the energy ranges corresponding to Landau resonance trapping directly calculated from the measured wave frequencies, wave normal angles, and plasma density and geomagnetic field strength measured in situ are displayed in Fig. 2c in the same format as before (with the contributing wave frequencies denoted by different colors). The overall agreement between the three panels in Fig. 2 The energy gained by electrons through their trapping into the wave effective potential and their subsequent acceleration in the inhomogeneous background magnetic field has been estimated numerically by means of test particle simulations [see detail of wave models and trajectory equations in . For each time interval (shown in Fig.3a,b,c) , we model the wave θ and frequency distribution by 100 monochromatic waves:
ten different frequencies f = f m ± 100Hz · m with m = 1..5 and 10 θ values for each frequency. The wave amplitude and occurrence rate of each wave corresponds to the distributions collected from EMFISIS waveforms measurements on Van Allen Probe B (see Fig. 3d -i). The considered θ range is limited to very oblique waves, which are known to possess the largest electric field components [e.g., see Agapitov et al., 2014a; , and references therein]: θ = θ r − 0.5 • n with n = 1 − 10. For each wave, we numerically integrate 10 5 electron trajectories with different initial energies (within the range 1 − 35 keV) and pitch-angles (within the range 10 • − 90 • ) in a curvature-free dipolar geomagnetic field model [see details . Each test particle is given an effective weight corresponding to its energy and pitch-angle according to the measured energy spectrum of particles during the immediately preceding time period.
Trajectories are integrated during a time interval equal to quarter of the bounce period, i.e. only one event of wave-particle resonant interaction is considered (waves are assumed c 2015 American Geophysical Union. All Rights Reserved.
to be present up to 37 • degree of magnetic latitude with an effective latitudinal amplitude profile taken from a statistical model presented in Artemyev et al. [2012] ). In the end, we collect the final energy distributions for parallel (with equatorial pitch-angles < 25 • ) and perpendicular (with equatorial pitch-angles within the range 75 • − 105 • ) particles and plot the ratio of the corresponding fluxes. The measured wave occurrence rates are used to account for the different contributions of the different waves, i.e. the final energy distribution of accelerated particles is the sum of partial (for each wave) distributions multiplied by the corresponding occurrence rate.
The field aligned to transverse electron flux ratios obtained from test particle simulations are displayed in Fig.3a,b , and c respectively for three different times: ping (see Fig.3a ,b, and c). It is worth noting that an alternative acceleration mechanism via cyclotron resonance with the same very oblique waves measured at 15 : 00 − 16 : 15
UT would require initial electron energies of 50 − 100 keV. However, cyclotron resonant acceleration has been shown to be significantly less effective than Landau resonant acceleration at such low initial energies [Artemyev et al., 2013a] , justifying our focus on Landau trapping. Moreover, the Landau resonant acceleration mechanism can fully explain the from the presence of fast magnetosonic waves measured at low latitudes, which accelerate electrons mainly above 300 keV for f pe /f ce < 4.5 . Conversely, after 16:30 UT in Fig. 3j , it could be due to cyclotron resonant trapping acceleration or phase bunching of 200 − 500 keV electrons by the measured low frequency quasi-parallel chorus waves, which could increase parallel fluxes or decrease perpendicular fluxes [Albert, 2002] , thereby increasing the ratio of parallel to perpendicular fluxes within this energy range. But a full description of flux variations at energies higher than 250 keV is beyond the scope of this letter and left for future work.
Discussion and conclusions
Although quasi-linear models provide reasonable timescales for diffusive electron acceleration from 100s keV to MeV energies (with typically ∼ 10 hours timescales) allowing to reproduce observations [Thorne et al., 2013] , they often cannot explain a rapid acceleration from 1-10 keV to 100s keV due to faster losses [e.g., see . Thus, the problem of the seed 30 − 200 keV population is still an area of active research. The Van Allen Probes mission allows for the first time to perform in situ coordinated and highly resolved measurements of magnetic and electric field waveforms, as well as detailed measurements of particle pitch-angle distributions over a wide energy range, providing the necessary basis for considering the effects of nonlinear wave-particle interactions in the radiation belts. The theory of nonlinear wave-particle interactions was originally developed by Nunn [1971] ; Karpman and Shklyar [1972] . However, direct experimental observations of this fine regime of wave-particle interaction are still lacking. Here we have presented for the first time a clear experimental evidence of electron c 2015 American Geophysical Union. All Rights Reserved.
Landau resonant trapping into the electric field potential of oblique whistler-mode waves during a very long time interval (more than 6 hours), accompanied by an efficient and rapid acceleration (from ∼ 5 − 15 keV up to 50 − 250 keV) of the trapped particles in the inhomogeneous geomagnetic field. The trapping process manifested itself by the formation of a plateau in the electron distribution at the energy of Landau resonance, as well as by a more field aligned trapped electron population. The energy range, density, and pitch-angle distribution of accelerated electrons are in good agreement with numerical simulations. Such a process operated continuously for more than 6 hours providing a seed population of about 100 − 200 keV electrons. It suggests that this nonlinear acceleration mechanism may play an important role in the global dynamics of the outer radiation belt. . c 2015 American Geophysical Union. All Rights Reserved. 
